The purpose of this work is to design a fuzzy integral controller to force the switching of a bioprocess between two different metabolic states. A continuous baking yeast culture is divided in two sub-models: a respiro-fermentative with ethanol production and a respirative with ethanol consumption. The switching between both different metabolic states is achieved by means of tracking a reference substrate signal. A substrate fuzzy integral controller model using sector nonlinearity was built for both nonlinear models.
INTRODUCTION
Control applications in bioprocesses have increased in the last decades due to the fast advances on computer and electronic technology. An adequate control of fermentation processes allows reducing production costs and increases the yield, while at the same time achieving the quality of the desired product (Yamuna and Ramachandra 1990 ).
In the case where the nonlinear model of the process is known, a fuzzy system may be used. A first approach can be done using the Takagi-Sugeno (TS) fuzzy model, (Takagi and Sugeno, 1985) , where the consequent part of the fuzzy rules are replaced by linear systems. This can be attained, for example, using the method of sector nonlinearities _________________________ 1 On Ph. D. studies leave from the Centro de Investigación y Asistencia en Tecnología y Diseño del Estado de Jalisco.
which allows constructing an exact fuzzy model from the original nonlinear system by means of linear subsystems (Tanaka and Wang, 2001) . From this exact model a controller may be designed based on the linear subsystems.
Along this line of reasoning, in this work a fuzzy integral controller based on sector nonlinearities is proposed and applied to a continuous baker's yeast process. An interesting feature of this model is the splitting in two different partial models: a respirofermentative (RF) model with ethanol production and the respirative (R) model with ethanol consumption. The fuzzy integral controller is used to force the switching of a bioprocess between both different metabolic states by means of tracking a reference substrate signal.
FUZZY MODELS BASICS

Takagi-Sugeno Fuzzy Model
The Takagi-Sugeno fuzzy models are used to represent nonlinear dynamics by means of a set of IF-THEN rules. The consequent parts of the rules are local linear systems. The ith rule of a continuous fuzzy model has the following form: (t) ,…,z p (t)] is a known vector of premise variables which may depend partially on the state x(t). Given a pair of (x(t), u(t)) and a product inference engine the aggregate TS fuzzy model can be inferred as:
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where 
Parallel Distributed Compensator
The parallel distributed compensator (PDC) is used to design a fuzzy controller from a TS fuzzy model. Each control rule is designed from the corresponding rule of a TS model. and...and z (t) 
where F i is the controller gain for the ith subsystem, which makes Hurwitz the matrices A i -B i F i .
Integral Control
Consider the linear system
where ,
where R e y y σ = = − is a tracking error and y R (t) is a reference signal. It is desired to design a state feedback control such that y(t)→y R (t) as t→∞ (Khalil, 1996) . If the pair (A,B) is controllable and the following condition is achieved
then it is possible to find a matrix K such that A ξ -B ξ K is Hurwitz, assuring that y(t) -y R (t)→0 as t→∞; where K= [-F, k] and k must be nonsingular.
THE EXACT FUZZY CONTROLLER
A continuous baking yeast culture may be represented by the following nonlinear system )) (
describes a respiro-fermentative baking yeast partial model (RF) with ethanol production and a respirative baking yeast partial model (R) with ethanol consumption (Pormeleau, 1990) . The RF partial model is described by 
The R model can be divided in two sub models (Ferreira, 1995) 
Rqe2 model 
The input B matrix for all the models is given by
where x 1 is the biomass, x 2 is the substrate, x 3 is the ethanol, x 4 is the dissolved oxygen, S in is the inlet substrate concentration, D is the dilution rate, u(t)=D. The yield coefficients k 1 to k 6 and the remaining parameters values are described in Ferreira, (1995) . The oxygen transfer rate (OTR) is assumed to be a measurable and known perturbation, and thus d=[0 0 0 OTR] T . Before designing a fuzzy controller an exact fuzzy model must be first built.
When the nonlinear dynamic model for the baking yeast is known, as well as all their parameters, a fuzzy exact model can be derived from the given nonlinear model. This requires a sector nonlinearity approach (Tanaka and Wang, 2001) . From the models (6-9) the fuzzy exact model can be constructed. The premise variables for the RF partial model (6) and the input B matrix (9) are chosen as:
where 2( 1) 4( 1) 8 ( 1) 16 ( 1) 
It has to be noticed that x 1 , x 3 and x 4 are not taken into account in the PDC design; this is because these states are not intended to be stabilized but to switch between the RF and R partial models. The fuzzy controller for the models Rqe1 and Rqe2 were constructed following the same procedure.
SIMULATION RESULTS
The application of the proposed controller scheme was simulated using MATLAB™. In order to force the switching between the RF and the R baking yeast partial models, the substrate fuzzy controller was forced to track a square reference signal, varied between 0.01 g/l and 0.07 g/l. S in was set to 5 g/l. The behavior of the substrate fuzzy tracking controller as well as the biomass and ethanol behavior are shown in figure 1. It can be notice that on the RF model, ethanol is produced, limiting the biomass growth; when the Rqe2 partial model is enable the ethanol is consumed promoting biomass growth, and on the Rqe1 state partial model the ethanol is consumed and the biomass is growing just due to the substrate uptake. To test the fuzzy integral controller performance, it was enabled when 2 hours of fermentation elapsed time was accomplished.
CONCLUSIONS
Based on the idea of splitting a continuous baking yeast model, a TS fuzzy model was proposed using the sector nonlinearities method, giving an exact representation of the original nonlinear plant. Moreover, a controller for each partial model was constructed. It is worth noting that the controller was capable to force the switching along the partial models. Therefore, the approach presented here may be considered a valid method to design a controller.
